In this work, we demonstrate a thorough device design, fabrication, characterization, and analysis of biomimetic antireflective structures implemented on a Ga 0.5 In 0.5 P/GaAs/Ge triple-junction solar cell. The sub-wavelength structures are fabricated on a silicon nitride passivation layer using polystyrene nanosphere lithography followed by anisotropic etching. The fabricated structures enhance optical transmission in the ultraviolet wavelength range, compared to a conventional single-layer antireflective coating (ARC). The transmission improvement contributes to the enhanced photocurrent, which is also verified by the external quantum efficiency characterization of fabricated solar cells. Under one-sun illumination, the short-circuit current of a cell with a biomimetic structures is enhanced by 24.1% and 2.2% due to much improved optical transmission and current matching, compared to cells without an ARC and with a conventional ARC, respectively. Further optimizations of the biomimetic structures including the periodicity and etching depth are conducted by performing comprehensive calculations based on a rigorous couple-wave analysis method.
INTRODUCTION
III-V compound multi-junction solar cells dominate the niche market of concentrator photovoltaics and space applications due to their direct-bandgap absorption, high temperature resistance, and wide material selectivity [1] [2] . Currently, monolithically-grown Ga 0.5 In 0.5 P/GaAs/Ge cell structures are reported solar cells with the highest certified power conversion efficiency ~32% under AM1.5g one-sun illumination [3] . The mature epitaxial technology can also make multi-junction solar cells very competitive for the terrestrial market. By incorporating a low-cost concentrator, the cell area can be minimized, where the material cost of multi-junction cells can potentially be amortized by their high power conversion efficiency. As a consequence, III-V multi-junction solar cells also appear as a promising candidate that could satisfy the requirement of third-generation photovoltaics [4] .
In high-performance triple-junction solar cells, the antireflective coating (ARC) that accounts for the salvation of more than 30% optical loss is often realized by multi-layer dielectric stacking. However, issues such as polarization dependency, limited angular and spectral responses, mechanical instability due to thermal strain, etc. hinder the multijunction solar cells with a conventional ARC from fully exploiting their broadband optical absorption. Recently, the introduction of biomimetic sub-wavelength structures (SWS) serving as the antireflective layer has offered new prospective in the suppression of Fresnel reflection [5] [6] . Due to the spatially graded structural profile in a single layer, the SWS ARC exhibits not only broadband and omnidirectional antireflective characteristics, but also the polarization insensitivity [7] [8] [9] [10] [11] [12] . Moreover, the SWS ARC is also environmentally robust and mechanically durable, making it particularly desirable for concentrator and space photovoltaics. However, present proposed nano-fabrication techniques for SWS ARCs could result in the severe front surface recombination, which is the major obstacle in applying to III-V solar cells due to their high absorption coefficients [13] [14] . In this paper, we demonstrate the implementation of antireflective nanostructures for a Ga 0.5 In 0.5 P/GaAs/Ge triple-junction solar cell. The biomimetic structures are fabricated on the silicon nitride (SiNx) passivation layer using polystyrene nanosphere lithography followed by anisotropic etching. The technique provides a relatively simple, scalable, and cost-effective means to control the structural profile [10, [15] [16] [17] [18] [19] [20] [21] , while minimizing the surface recombination current arising from etching. Under one-sun illumination, the shortcircuit current of a cell with the SWS ARC is enhanced by 24.1% and 2.2% due to much improved optical transmission 
Polystyrene (PS) nanosphere lithography is employed to fabricate SiNx-based SWSs on a triple-junction solar cell. First, Ga 0.5 In 0.5 P/GaAs/Ge cell structure was monolithically grown by metal-organic chemical vapor deposition (MOCVD) on a p-type germanium substrate. In the epi-structure, individual sub-cells were interconnected by highly-doped tunneling diodes, allowing band-to-band tunneling for the series output. At the beginning of cell processes, the GaAs ohmic layer was first lithographically defined by the selective etching of ammonia between the cap GaAs and Al 0.5 In 0.5 P window layer. A 1-µm-thick silicon nitride (SiN x ) was then deposited using plasma-enhanced chemical vapor deposition (PECVD). The SiNx has a refractive index of around 1.8 and a nearly-zero extinction coefficient characterized by an n&k analyzer (n&k Technology 1200). The SiNx film was subsequently treated with oxygen plasma to achieve a hydrophilic surface on which a mixture suspension of ethanol and polystyrene microspheres was spin coated. By tuning the degree of hydrophilicity, spinning speed, and the suspension concentration properly, a large area of nearly closepacked nanosphere monolayer arrays was obtained on a 4-inch wafer, as shown in Fig. 1 (a) . Here, the PS spheres with a diameter of 600 nm serve as the etch mask for SiN x . After steady air-drying for 15 min., the samples with 1-µm-thick SiNx were etched by an inductively-coupled-plasma reactive-ion-etching (ICP-RIE) system (OXFORD INSTRUMENTS, Plasmalab System 100) operated at 13.56 MHz under a gas mixture of CHF 3 and O 2 through individual electronic mass flow controllers. The ratio of gas flow, chamber pressure, and etching time collectively control the sidewall profile, allowing the profile tuning of nanostructures. Figure 1 (b) and 1(c) display two different etch profiles with an approximate etching depth of 900nm using spheres with the same diameter of 600nm. The structure shown in Fig. 1(b) results from a two-step etching process and therefore shows an evident slope discontinuity. On the other hand, the side wall profile of Fig. 1(c) shows a smooth gradient which mimics the moth-eye structures. Hence the RIE condition of structures shown Fig. 1(c) is employed in the cell fabrication. We note that both in Fig.1 (b) and 1(c) , a thin layer of SiN x , ~100 nm thick was kept intact for device passivation. After the fabrication of SiN x SWSs, an additional lithography step was applied to expose the ohmic GaAs layer by selectively etching the undesired SWSs. Finally, the front and back metal contacts were deposited by electron beam evaporation and annealed at 400°C for 35 sec.
The fabricated SWS solar cells have a cell area of 0.5x0.5 cm 2 with a 10% metallic shadow ratio [22] . Moreover, cells without any AR treatment and with a conventional SL ARC, which contains a layer of 85-nm-thick SiN x , were also fabricated for comparison. 

Photovoltaic characterization
The reflectance spectra of cells with the SiNx SWSs and the SL ARC were measured using an UV/Visible/NIR spectrophotometer with a built-in integrating sphere (Hitachi U4100). The measured results are plotted in Fig. 2(a) . Compared to the conventional ARC, the SWS ARC improves the optical transmission for ultraviolet/blue wavelengths, showing a relatively flat spectral response. Although the reflectance of the SWS ARC between 450 to 700 nm wavelength is relatively high, the AM1.5g-weighted reflectance of biomimetic SWSs is approximately 7.15 % for the wavelength range of 300nm to 1700nm, which is ~ 2.5% lower than that of the SL ARC, ~9.64%. The suppression of Fresnel reflection contributes to the enhanced optical absorption, which is also reflected in the external quantum efficiency (EQE) characteristics of fabricated cells. Figure 2 (b) shows the measured EQE results for the top and middle junctions for cells with the SWS, SL ARC, and without any ARC, respectively. As shown in Fig. 2(b) , the EQE of the Ga 0.5 In 0.5 P top cell is indeed improved for λ< 450 nm and λ > 700 nm by using SWS, which agrees well with the reflectance measurement. As a result, the cell with the SWS ARC exhibits a higher short-circuit current, J sc ~ 11.62 mA/cm 2 than that with the SL ARC, ~11.37 mA/cm 2 . The device current-voltage characteristics are summarized in Table 1 . Overall, the short-circuit current of a cell with the SWS ARC is enhanced by 24.1% and 2.2% due to improved optical transmission and current matching, compared to cells without a ARC and with a SL ARC, respectively. The current-voltage characteristics are summerized in Table 1 . Moreover, the photocurrent enhancement was sustained and steadily increased over large angles of incidence. The angular response of the current-voltage characteristics was examined by mounting the cells on a customized rotatable chuck, where the photovoltaic characterization was performed under a simulated AM 1.5g illumination source up to 80°. The angular responses of the short-circuit current densities, J sc are plotted in Fig. 3 for both cells with SWS and SL ARCs, which are normalized to those at normal incidence. As the angle of incidence increases to over 40°, the normalized Jsc of the cell with SWSs evidently decreases slower than that with a SL ARC. Further analyses reveal that the angular response of the normalized J sc for the SWS cell follows the cosine rule, which matches the descending trend of solar radiation at oblique incidence, i.e. the normal component of the incident photon flux density. The angular response shown in Fig. 3 confirms the omnidirectional antireflective characteristics of the biomimetic structures. Moreover, the enhancement of J sc is steadily improved over large angles of incidence (AOI), from less than 5% at AOI=0° to more than 10%, AOI>50°. In Fig. 3 , the enhancement factor is defined as % 100 1 ) (
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Jsc EF (1) where J SC (θ) SWS and J SC (θ) SLARC represent the short-circuit current density at different angles of incidence for cells with the SWS and SL ARC, respectively.
RCWA simulation
The rigorous couple wave analysis (RCWA) approach has been employed to investigate the diffraction and transmission properties of nanoscale structures [23] . In this work, a commercial implementation of the three-dimensional RCWA (DIFFRACTMOD, Rsoft Corporation) is employed to first examine the consistence between the simulation and experiment, and to further optimize the SWSs. As shown in the inset of Fig. 4 , the simulated structural profile of a unit cell consists of 7x7 SiN x SWSs in a hexagonal array. The side wall profile is approximated with a parabolic function to match the structures seen Fig. 1(c) . Moreover, a variation of 10% in the structural height was introduced to account for the fluctuation in the etching depth. Below the SiN x SWS layer include a thin SiN x passivation layer, ~100nm thick, the Al 0.5 In 0.5 P window layer, and the Ga 0.5 In 0.5 P top cell. The material dispersion of each layer was measured and taken into account for wavelengths between 300nm and 1000nm. The electric field is set to be 45-degree linearly polarized to mimic the solar radiation. As shown in Fig. 4 , the simulated reflectance agrees well with the experimental data measured by the integrating sphere (shown in Fig. 2(b) ) for wavelengths larger than 500nm. A slight discrepancy occurs at short wavelengths, possibly due to the mismatched material dispersion used for simulation. Further characterization on the complex refractive indices of Ga 0.5 In 0.5 P and Al 0.5 In 0.5 P layers is required to improve the accuracy. After confirming the validity of our simulation model for wavelengths larger than 450 nm, we can optimize the optical reflectance as a function of periodicity, i.e. the nanosphere diameter, and the structural height, i.e. the etching depth. The calculations are performed at a fixed aspect ratio of 1.5 (height/periodicity=900 nm/600 nm) at which a set of stable fabrication parameters is guaranteed. The calculated equal-reflectance contours as a function of wavelength are plotted in Fig. 5 (a) and 5(b) for the periodicity and height, respectively. As shown in Fig. 5(a) , PS spheres with a large diameter reduce optical reflectance for long wavelengths. Moreover, figure 5(b) suggests that an etching depth of 600nm is sufficient for the absorption enhancement for the top junction. However, the etching depth should be chosen based on the current matching of the top junction to other junctions. It is also feasible to lower the reflectance for diffident wavelength ranges by varying the etching depth. Figure 5 (a) and 5(b) indicate that the biomimetic structures allow the broadband antireflection engineering tailored for specific spectral response of various tandem cells.
INTRODUCTION
In conclusion, we have successfully fabricated SiN x -based biomimetic antireflective structures for a Ga 0.5 In 0.5 P/GaAs/Ge triple-junction solar cell employing the polystyrene nanosphere lithography. The side-wall profiles of sub-wavelength structures can be controlled by adjusting etch parameters. The reflectance spectroscopy and external quantum efficiency measurements confirm the improved optical absorption in the ultraviolet/blue wavelengths. Under one-sun AM1.5g illumination, the short-circuit current of a cell with biomimetic structures is enhanced, while the enhancement is sustained and amplified over a large angle of incidence. Calculations based on a rigorous coupled-wave analysis not only verify the broadband antireflection consistent with the measured data, but also serve as an optimization tool for the implementation of biomimetic antireflective structures in multi-junction solar cells.
